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ABSTRACT 

Repeated  cold  water  immersion  can  induce  the  development  of  an 
insulative  type  of  cold  acclimation  in  man.  This  investigation  determined  if 
repeated  cold  water  immersion  produced  changes  in  vascular  fluid  responses  to 
cold  stress  in  addition  to  the  previously  reported  changes  in  thermoregulation. 
Seven  male  subjects  performed  a  standardized  cold  air  and  cold  water  exposure 
before  and  again  after  a  cold  acclimation  program.  The  cold  acclimation 
program  consisted  of  daily  immersion  (90  min)  in  cold  water  (l^C,  stirred) 
repeated  five  times  per  week  for  five  consecutive  weeks.  Cold  acclimation  did 
not  alter  the  responses  of  plasma  volume  or  electrolyte  concentrations,  nor 
urinary  flow  or  electrolyte  excretion  during  either  cold  air  or  cold  water 
exposure.  The  percent  reduction  in  plasma  volume  was  larger  (P<0.01)  in  cold 
water  (-17%)  than  in  cold  air  (-12%).  Cold  water  immersion  resulted  in  greater 
(P<0.01)  diuresis  than  cold  air  exposure.  Plasma  concentration  increased 
(P<0.01)  during  cold  (both  air  amd  water)  exposure  while  plasma  Na^'^’J 
concentration  was  unchanged.  Calculated  renal  clearance  and  urinary  excretion 
rate  of  both  and  j^ncreased  during  cold  (both  air  and  water)  exposure, 
The  magnitude  of  plasma  volume  reduction  during  cold  exposure  was  not 
correlated  with  either  the  degree  of  body  cooling  or  diuresis.'^  It  is  concluded 
that:  (1)  insulative  cold  acclimation  does  not  influence  vascular  fluid  responses 
to  cold  stress;  and  12)  although  vascular  fluid  shifts,  body  cooling  and  diuresis  are 
all  greater  in  cold  water  than  air,  a  consistent  relationship  among  these 
parameters  could  not  be  established  for  an  individual's  respK)nse.  ^ 

Key  Words:  Hypothermia,  plasma  volume  reduction,  cold  diuresis,  body  cooling. 
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INTRODUCTION 


The  effects  of  exposure  to  environmental  extremes  of  heat  and  high 
altitude  on  human  body  fluid  responses  have  been  well  studied;  however,  the 
effects  of  cold  exposure  on  body  fluid  shifts  have  received  less  attention.  Acute 
cold-air  exposure  has  been  generally  reported  to  produce  a  reduction  in  plasma 
volume  ranging  from  7  to  15%  (5,12).  The  techniques  used  to  estimate  plasma 
volume  changes  in  these  earlier  studies  are  subject  to  quantitative  error  due  to 
loss  of  intravascular  protein  or  changes  in  erythrocyte  volume.  Nevertheless, 
the  physiological  responses  to  acute  cold  stress  (e.g.  shivering,  vasoconstriction, 
diuresis)  could  all  contribute  to  some  degree  of  plasma  volume  reduction. 

Previous  investigations  have  not  addressed  the  question  as  to  whether,  in 
awake  man,  the  degree  of  body  cooling  is  related  to  the  magnitude  of  plasma 
volume  reduction  during  cold  exposure.  Investigations  employing  animal  models 
indicate  that  the  plasma  volume  is  progressively  reduced  as  body  temperature 
falls  (7,9).  However,  it  has  also  been  observed  that  when  body  cooling  is  severe, 
fluid  shifts  may  be  reversed  or  absent  (4,9).  Hamlet  (14)  has  suggested,  although 
not  experimentally  substantiated,  that  body  cooling  is  so  rapid  during  immersion 
in  cold  water  that  vascular  fluid  shifts  do  not  occur. 

Although  heat  acclimation  (23,24),  altitude  acclimation  (26),  and  exercise 
training  (S)  all  have  been  shown  to  influence  vascular  fluid  regulation  during 
exposure  to  environmental  extremes,  the  influence  of  cold  acclimation  on  body 
fluid  responses  to  cold  stress  has  not  been  addressed.  The  existence  of  true  cold 
acclimation  in  man  has  been  questioned,  but  strong  evidence  has  recently  been 
reported  indicating  that  man  can  acclimate  to  cold  (28).  Repeated  cold-water 
immersion  was  shown  to  produce  altered  physiological  responses  to  cold-air 
exposure  (e.g.  lower  skin  temperatures  and  greater  sympathetic  nervous 
activity)  indicative  of  the  development  of  stronger  cutaneous  vasoconstriction 
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which  improved  tissue  insulation  (28).  These  alterations  in  physiological 
responses  to  cold  exposure  might  also  be  associated  with  altered  vascular  fluid 
responses  to  cold  stress.  There  is  some  evidence  that  ethnic  or  seasonal 
differences  observed  in  blood  volume  may  be  related  to  chronic  cold  exp>osure 
(6).  On  the  other  hand,  seasonal  changes  in  blood  volume  may  actually  be  due  to 
changes  in  physical  activity  (13,27),  length  of  daylight  (25),  or  the  induction  or 
decay  of  heat  acclimation  (5),  rather  than  cold  acclimation.  Other  studies  which 
have  attempted  to  investigate  changes  in  vascular  fluid  volumes  during  chronic 
cold  exposure  have  employed  studies  of  too  short  duration  (3-5  days)  to  permit 
development  of  a  significant  degree  of  acclimation  (16)  or  have  been  confounded 
by  the  effects  of  progressive  hypohydration  and  caloric  deficit  (21). 

The  purpose  of  the  present  investigation  was  to  examine,  under  controlled 
laboratory  conditions,  the  effects  of  acute  cold  exposure  and  cold  acclimation  on 
human  vascular  fluid  regulation.  To  determine  the  influence  of  cold  stress 
intensity  and  body  cooling  rate  on  the  magnitude  of  vascular  fluid  shifts, 
responses  in  cold  air  were  compared  to  responses  in  cold  water.  In  addition,  the 
effects  of  an  acclimation  program  consisting  of  repeated  (intermittent)  cold 
water  immersion  on  vascular  fluid  responses  to  cold  stress  were  studied. 

METHODS 

Subjects  and  Experimental  Design.  Seven  male  soldiers  volunteered  as 
subjects  for  this  study  after  they  had  been  completely  informed  about  the 
requirements  and  risks  of  participation.  Descriptive  characteristics  (mean  +  SE) 
of  the  subjects  were;  age  =  24  +  2  yrs;  body  mass  =  70  +  4  kg;  body  surface 
area  =  1.98  +  0.07  m^;  body  fat  (hydrostatic  weighing  (11))  =  17.4  +  1.8%;  mean 
skinfold  thickness  (14  sites)  =  11.4  +  1.5  mm;  maximum  aerobic  power  (treadmill 


running  (18))  =  45.3  +  1.6  ml*kg“l*min"^.  The  subjects  were  all  Caucasians  and 
native  to  the  continental  United  States.  The  subjects  had  participated  in  no 
significant  cold  weather  activities  for  at  least  nine  months  prior  to  this  study 
which  was  completed  in  Natick,  MA  during  the  late  fall  when  seasonal  effects  of 
cold  exposure  were  expected  to  be  minimal. 

The  subjects  completed  a  standardized  cold-air  exposure  two  days  before 
and  again  two  days  after  completion  of  a  program  of  repeated  cold-water 
immersions.  Physiological  responses  measured  during  the  first  and  last  cold- 
water  immersion  were  used  for  comparison  with  responses  during  the  cold-air 
exposures.  The  standardized  cold-air  exposures  consisted  of  a  30  min  baseline 
period  spent  reclining  in  a  nylon-mesh  lounge  chair  in  a  comfortable  environment 
(Ta=240C,  rh=30%)  while  wrapped  in  blankets.  During  the  last  five  min  of  this 
period,  a  venous  blood  sample  was  obtained  from  an  indwelling  catheter 
previously  placed  in  am  antecubital  vein.  After  the  blood  sample  had  been 
obtained,  the  subject  stood,  voided  his  bladder,  entered  the  environmental 
chamber  (Ta=50C,  rh=30%);  and  then  reclined  for  90  min  wearing  only  swim 
trunks.  Venous  blood  samples  were  obtained  again  during  the  last  five  min  of  the 
cold-air  exposure.  At  the  completion  of  the  cold  exposure  period,  the  subjects 
again  voided  their  bladder.  The  two  cold  (IS^C,  stirred)  water  exposures  used 
for  comparative  purposes  were  f)erformed  using  the  same  protocol  as  the  cold-air 
exposure  with  the  exception  that  the  environmental  conditions  for  the  baseline 
[>eriod  were  slightly  warmer  (Ta=27oc,  rh=65%).  Rectal  (T^e)  and  mean 
weighted  skin  (Tji^)  temperatures  were  measured  during  the  last  three  min  of  the 
baseline  period  and  at  two  min  intervals  during  the  cold  exposure  period  for  both 
cold  air-and  cold-water  tests. 


The  repeated  cold-water  immersion  program  consisted  of  a  daily  90-min 
immersion  in  cold  (180C,  stirred)  water,  repeated  five  times  a  week  for  five 
consecutive  weeks.  Generally,  the  immersion  sessions  were  accomplished  on  five 
consecutive  days  each  week  (Mon-Fri).  On  occasion,  individuals  missed  a 
scheduled  immersion  session  and  in  that  event,  the  missed  session  was  completed 
on  the  weekend.  Once  during  the  study,  a  midweek  holiday  resulted  in 
cancellation  of  a  scheduled  immersion  which  could  not  be  rescheduled.  Thus,  the 
subjects  completed  a  total  of  twenty-four  cold-water  immersions.  While 
immersed,  the  subject  reclined  quietly  on  a  nylon  mesh  lounge  chair,  and  water 
level  was  adjusted  to  the  base  of  the  neck.  Immersions  were  terminated  after 
90-min  or  if  the  subject's  T^e  feU  below  35^C. 

Experimental  procedures.  The  subjects  reported  to  the  laboratory  to  be 
instrumented  1  hr  prior  to  the  experimental  sessions.  During  this  period,  they 
consumed  500  ml  of  tap  water.  A  thermister  inserted  10  cm  beyond  the  anal 
sphincter  was  used  to  measure  Tpe*  During  the  cold  air  exposure,  skin 
temperature  was  measured  at  three  sites  using  thermocouples  attached  to  the 
skin  (forearm,  chest,  calf).  A  venous  catheter  was  emplaced  for  blood  sampling 
and  kept  patent  with  heparized  saline.  Immediately  before  the  baseline  period 
began,  the  subject  voided  his  bladder  and  a  stopwatch  was  started  in  order  to 
measure  the  rate  of  urine  formation  during  the  baseline  and  subsequent  cold 
exposure  period.  Aliquots  of  the  total  urine  produced  during  each  of  the  two 
periods  were  analyzed  as  described  below. 

Venous  blood  was  analyzed  in  triplicate  for  hematocrit  and  in  duplicate  for 
hemoglobin  concentration  (Coulter  Hemoglobinometer),  plasma  osmolality 
(Precision  Systems  Osmete  A),  plasma  protein  concentration  (American  Optical 
refractometer),  and  plasma  Na'*’  and  K'*’  concentration  (NOVA  Na^/K''"  analyzer). 
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Aliquots  of  urine  were  analyzed  in  duplicate  for  Na'*'  and  K"*"  concentration  and 
specific  gravity. 

The  percent  changes  in  plasma  volume  and  erythrocyte  cell  volume  were 
calculated  from  the  hematocrit  and  hemoglobin  values  obtained  during  the 
baseline  and  cold  exposure  period  (10).  Absolute  plasma  volume  during  the 
baseline  period  of  the  first  cold  air  exposure  was  estimated  from  the  equation  of 
Allen  et  al.  (2),  and  plasma  volume  for  the  remaining  conditions  was  calculated 
by  adjusting  these  initial  values  by  the  appropriate  percent  change  in  plasma 
volume.  Urine  flow  rate  for  the  baseline  and  the  cold  stress  period  was 
calculated  by  dividing  the  total  urine  collected  during  the  period  by  the  actual 
time  elapsed  since  the  previous  voiding  of  the  bladder.  Urinary  electrolyte 
clearance  was  calculated  as  the  product  of  urine  flow  rate  and  the  ratio  between 
urinary  electrolyte  concentration  and  plasma  electrolyte  concentration. 

Statistical  analyses.  Multifactor,  repeated  measures  analysis  of  variance 
(ANOVA)  was  used  to  determine  if  the  factors  "exposure"  (baseline  versus  cold 
exposure),  "environment"  (cold  air  versus  cold  water),  or  "acclimation"  (pre- 
versus  post-)  had  significant  effects.  In  the  event  that  ANOVA  revealed 
significant  main  effects  or  multifactor  interactions,  Tukeys  critical  difference 
wa<;  calculated  and  used  to  locate  significant  differences  between  means. 
Complete  measurements  of  urinary  parameters  were  not  obtained  from  one  of 
the  subjects,  so  urinary  data  of  the  remaining  six  was  analyzed  and  reported. 
Single  and  multiple  factor  regression  analysis  was  p>erformed  to  compare  the 
changes  in  plasma  volume  with  changes  in  body  temperature  and  the  amount  of 
urine  formed  during  cold  exposure.  Unless  otherwise  noted,  results  are  presented 
as  the  mean  +  SE.  Thermoregulatory  data  have  been  presented  and  discussed  in 
detail  elsewhere  (28). 
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RESULTS 

The  percent  changes  in  plasma  volume  during  each  cold  exposure  relative 
to  the  basal  condition  are  shown  in  Figure  1.  Plasma  volume  decreased  during 
both  cold-air  and  cold-water  exposure,  but  there  was  no  significant  acclimation 
effect.  The  percent  decrease  in  plasma  volume  during  cold-water  immersion 
(16.6  +  1.6%)  was  greater  than  (P<0.01)  that  during  cold-air  exposure  (11.8  + 
1.4%).  The  absolute  plasma  volumes  calculated  for  the  basal  period  prior  to  each 
cold  stress  were  2.94  +  0.1 2J,  (cold  air)  and  2.88  +  O.lli  (cold  water)  for  pre¬ 
acclimation  and  2.92  +  0.14fi,  (cold  air)  and  3.04  +  0.1  li  (cold  water)  for  post¬ 
acclimation.  These  values  of  basal  plasma  volume  were  not  significantly 
different.  The  changes  in  Tf-g  during  each  cold  stress  (basal  Tpg  -  final  Tpg)  were 
♦  0.03  +  0.06  oc  (cold  air)  amd  -0.79  +  0.15  OC  (cold  water)  for  preacclimation 
and  -0.28  +  0.14  oq  (cold  air)  and  -1.00  +  0.27  oc  (cold  water)  for 
postacclimation  tests.  Linear  regression  and  analysis  of  covariance  both  failed 
to  reveal  any  significant  relationship  between  changes  in  plasma  volume  (%  or 
absolute)  with  the  change  in  T,-g  during  exposure  to  either  cold  air  or  cold  water. 


Table  1  about  here 


In  Table  1  are  shown  mean  corpuscular  hemoglobin,  plasma  protein,  and 
electrolyte  concentrations,  plasma  osmolarity  and  the  calculated  total 
circulating  protein.  Also  shown  in  Table  1  are  the  results  of  the  analysis  of 
variance  performed  on  the  data.  Acclimation  had  no  significant  effect  on  any  of 
these  vascular  fluid  components.  Plasma  protein  concentration  increased  during 
cold  exposure  and  there  was  a  greater  increment  in  plasma  protein  concentration 
during  cold-water  immersion  than  during  cold-air  exposure.  Total  circulating 
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plasma  protein  was  not  significantly  altered  during  cold-air  or  cold-water 
exposure.  Similarly,  mean  corpuscular  hemoglobin  concentration  and  plasma 
osmolarity  were  not  affected  by  cold  exposure  (either  air  or  water).  While 
plasma  Na+  concentration  was  constant  during  both  cold  air  and  water  exposure, 
plasma  K*  increased  (P<  0.01)  during  cold  stress  (both  air  and  water). 


Table  2  about  here 


The  effect  of  cold  stress  on  urinary  composition  and  flow  rate  is  shown  in 
Table  2.  Again,  cold  acclimation  had  no  effect  on  either  urinary  flow  rate  or 
composition  during  basal  or  exposure  conditions.  There  were  no  significant 
differences  between  the  basal  values  of  any  of  the  parameters  shown  in  Table  2. 
Urine  flow  rate  increased  (P<0.01)  during  cold  exposure.  With  cold-air 
exposure,  urine  flow  rate  increased  by  51%  above  basal  flow,  but  a  greater 
(P<  0.01)  diuresis  was  occured  during  cold-water  immersion  when  urine  flow  rate 
increased  by  388%  above  basal  level.  There  was  no  significant  relationship 
between  the  reduction  in  plasma  volume  (percent  or  absolute)  and  the  magnitude 
of  diuresis  during  cold  exposure.  Changes  in  urine  specific  gravity  with  the  cold 
exposure  followed  the  same  pattern  as  did  the  changes  in  urine  flow  rate.  Urine 
specific  gravity  fell  during  exposure  to  both  cold  air  and  cold  water,  but  a 
greater  (P<0.01)  fall  in  urinary  specific  gravity  occured  during  cold-water 
immersion  than  with  cold-air  exposure.  The  rate  of  excretion  of  both  Na"*"  and 
K*  increased  significantly  with  cold-air  exposure.  The  increment  in  K"^ 
excretion  rate  was  the  same  during  cold-air  exposure  as  during  cold-water 
immersion;  but  the  increment  in  Na*  excretion  was  greater  (P<  0.01)  during  cold 
water  immersion  than  during  cold-air  exposure. 
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Table  3  about  here 


Table  3  shows  renal  electolyte  clearance  for  all  the  experimental 
conditions.  Renal  electrolyte  clearance  was  not  significantly  affected  by  cold 
acclimation.  During  both  cold-air  exposure  and  cold-water  immersion,  plasma 
Na'*’  and  K"*"  clearance  increased  (P<  0.01)  significantly  with  no  difference  in  the 
increment  between  water  and  air. 

DISSCUSSION 

The  thermoregulatory  adaptations  which  occured  as  a  result  of  the 
repeated  cold-water  immersion  program  are  discussed  in  detail  in  a  separate 
report  (28).  Briefly,  repeated  cold  water  immersion  resulted  in  development  of 
an  insulative  type  of  cold  acclimation  similar  to  adaptations  exhibited  by  Korean 
breath-hold  divers  before  the  use  of  wetsuits  became  common  practice  (19). 
This  insulative  cold  acclimation  is  primarily  characterized  by  dramatically  lower 
steady  state  skin  temperature  during  cold  stress  following  the  cold-water 
immersion  program.  The  lower  skin  temperature  during  postacclimation  cold 
exposure  was  attributed  to  u  greater  cutaneous  vasocontriction  mediated  by 
more  pronounced  sympathetic  nervous  stimulation.  The  latter  was  evidenced  by 
the  observation  that  there  was  a  larger  increment  in  circulating  norepinephine 
during  cold  exposure  after  acclimation. 

The  effect  of  induced  cold  acclimation  on  body  fluid  regulation  in  humans 
under  basal  conditions  or  subsequent  to  cold  exposure  has  not  been  previously 
reported.  The  results  of  the  present  investigation  indicate  that  insulative  cold 
acclimation  produced  by  intermittent,  and  (relatively)  short  exposures  to  severe 
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cold  stress  had  no  measurable  effect  on  body  fluid  regulation.  In  this  respect, 
acclimation  induced  by  cold-water  immersion  is  similar  to  the  effects  of  long 
term  (11  days  to  longer)  exposure  to  cold  which  is  generally  reported  to  have  no 
effect  on  body  fluid  regulation  (12).  Short  or  intermediate  (24  hours  to  7  days) 
exposure  to  continous  cold  has  been  reported  to  result  in  a  reduction  in  plasma 
and  blood  volume  in  man  (12).  However,  in  those  studies  that  employed  short  or 
intermediate  cold  exposure,  the  subjects  maintained  a  negative  water  balance; 
thus  the  alteration  in  plasma  and  blood  volume  observed  during  short  term  cold 
exposure  is  probably  not  a  direct  effect  of  cold,  but  rather  likely  to  be  an  effect 
of  hypohydration.  Hypohydration  will  reduce  resting  plasma  volume  as  well  as 
alter  the  vascular  fluid  shifts  which  occur  with  acute  heat  stress  (22). 

One  study  (20)  has  been  reported  in  which  plasma  volume  responses  to  cold 
stress  were  found  to  be  different  in  acclimatized  compared  to  nonacclimatized 
subjects,  and  differences  in  hydration  should  not  have  been  a  confounding  factor. 
Rochelle  and  Horvath  (20)  reported  that  surfers,  who  had  been  chronically 
exposed  to  cold  water,  experienced  a  smaller  plasma  volume  reduction  during 
cold  stress  as  compared  to  control  subjects.  However,  those  investigators 
reported  that  there  was  a  significant  correlation  between  the  percent  decrease 
in  plasma  volume  and  the  percent  body  fat.  When  the  data  reported  by  Rochelle 
and  Horvath  (Table  1  and  2,  Ref  20)  are  reanalyzed  using  analysis  of  covariamce 
to  remove  the  effect  of  body  fat,  the  difference  in  plasma  volume  reduction 
between  acclimatized  and  nonacclimatized  subjects  is  not  statistically 
significant.  In  the  present  study,  body  fat  assessment  was  performed  only  once; 
however,  total  body  mass  was  measured  weekly  and  before  each  of  the  four 
standardized  cold  exposures.  Since  there  were  no  significant  changes  in  total 
body  mass,  it  is  likely  that  the  subjects'  body  composition  was  constant 


throughout  the  study.  In  sum,  it  seems  that  cold  acclimation/acclimatization  2er 
se  does  not  influence  vascular  fluid  shifts  as  long  as  hydration  level  and  body 
composition  remain  stable  during  the  acclimation  period. 

Acute  exposure  to  both  cold  air  and  cold  water  resulted  in  a  plasma 
volume  reduction  while  total  circulating  protein  remained  constant.  Cold- 
induced  plasma  volume  reduction  has  been  previously  reported  (3,12,20).  It  was 
thought  that  comparison  of  the  same  subjects'  vascular  fluid  responses  in  two 
different  cold  stress  mediums  might  provide  information  concerning  the  factors 
which  determine  the  magnitude  of  plasma  volume  reduction.  Heat  loss  during 
cold-water  immersion  is  more  severe  than  cold-air  exposure  due  to  the  greater 
conductive  heat  transfer  properties  of  water.  Thus  the  degree  of  cold  stress,  as 
reflected  by  the  reduction  in  T^e,  might  be  related  to  the  magnitude  of  the 
concomitant  plasma  volume  reduction  during  cold  exposure.  A  greater  drop  in 
Tfg  was  seen  in  cold  water  (”1.0OC)  than  in  cold  air  (>0.3OC),  and  the  plasma 
volume  reduction  was  also  greater  during  cold-water  immersion  compared  to 
cold  air  (see  Figure  1).  However,  analysis  of  covariance  and  linear  regression 
indicated  no  significant  correlation  between  the  decrease  in  an  individual's 
emd  the  corresponding  plasma  volume  reduction  during  cold  exposure. 

Three  physiological  responses  to  cold  stress  that  have  been  postulated  to  be 
related  to  the  reduction  in  plasma  volume  are;  shivering  (9),  diuresis  (1)  and 
sequestration  of  vascular  fluid  in  certain  regions  of  the  vascular  system  (7). 
Shivering,  like  other  forms  of  muscular  exercise,  could  result  in  intraceliular 
accumulation  of  metabolic  catabolites  (e.g.  lactic  acid)  which  increase 
intracellular  anion  concentration  or  osmolality,  thereby  drawing  fluid  from  the 
plasma  into  the  cells  (17).  The  results  of  the  present  investigation  indicate  that 
shivering  alone  does  not  account  for  the  plasma  volume  reduction  during  cold 


stress.  The  O2  uptake  during  cold  exposure  can  be  used  to  quantitate  shivering 
(see  ref  23  for  data  and  measurement  details),  and  no  significant  correlation  was 
found  between  an  individual's  O2  uptake  and  the  plasma  volume  reduction  during 
cold  exposure.  Furthermore,  since  both  the  plasma  concentration  and  urinary 
K"*"  excretion  increased  during  the  cold  exposures,  water  is  apparently  not 
entering  the  cells;  rather  intracellular  fluid  volumes  probably  decreased  during 
cold  exposure.  Intuitively,  it  seems  obvious  that  diuresis  during  cold  exposure 
should  contribute  to  and  be  at  least  somewhat  related  to  the  plasma  volume 
reduction,  especially  since  there  was  a  greater  diuresis  during  cold-water 
immersion  than  during  cold-air  exposure.  However,  linear  regression  again  failed 
to  indicate  a  significant  correlation  between  the  volume  of  an  individual's  urine 
output  and  the  plasma  volume  reduction  during  cold  exposure.  This  finding  is 
consistent  with  the  observation  that  plasma  volume  is  reduced  during  cold 
exposure  even  when  diuresis  is  inhibited  by  adminstration  of  vasopressin  (3). 
Finally,  an  attempt  was  made  to  account  for  the  combined  effects  of  diuresis 
and  shivering  on  the  plasma  volume  reduction  during  cold  exposure  using  multiple 
regression  analysis,  and  no  significant  combined  effect  was  indicated.  Failure  to 
demonstrate  statistically  significant  relationships  may  be  due  to  the  relatively 
small  sample  size  or  the  sensitivity  of  measurements. 

Another  consideration  is  that  the  calculation  of  the  percent  change  in 
plasma  volume  using  changes  in  the  venous  hematocrit  and  hemoglobin 
concentration  may  not  be  valid  under  cold  exposure  conditions.  This  method  of 
calculating  changes  in  plasma  volume  requires  the  assumption  that  F-cell  ratio 
remains  constant  (10).  The  F-cell  ratio  is  the  ratio  between  overall  hematocrit 
and  venous  (large  vessel)  hematocrit,  and  provides  an  index  of  erythrocyte 
distribution  between  large  vessels  (higher  hemotocrit)  and  small  vessels  (lower 
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hematocrit).  The  intense  vasoconstriction  produced  by  cold  stress  will  reduce 
the  vascular  volume  of  small  vessels  being  perfused  thereby  lowering  (relative  to 
normothermic)  the  venous  hematocrit  measured  at  a  given  overall  hematocrit 
(increased  F-cell  ratio).  Thus,  if  F-cell  ratio  does  increase  during  cold  exposure, 
the  use  of  changes  in  venous  hematocrit  cmd  hemoglobin  values  to  calculate 
plasma  volume  changes  may  result  in  underestimation  of  the  magnitude  of  actual 
hemoconcentration:  (a)  from  normothermic  to  hypothermic  conditions,  (b) 
between  cold-air  and  cold-water  exposure,  and  (c)  from  pre-  to  postacclimation. 
Research  is  needed  to  determine  the  effect  of  cold  exposure  on  F-cell  ratio  of 
awake  humans. 

Little  attention  has  been  focused  on  the  effects  of  cold  exposure  on  plasma 
and  urinary  electrolytes  in  man.  Both  cold-air  exposure  and  cold-water 
immersion  produced  an  increase  in  plasma  K*  concentration,  but  plasma  Na"*" 
concentration  remained  unchanged.  These  findings  are  in  contrast  to  those  of 
Lennquist  et  al.  (16)  who  repKjrted  that  cold-air  exposure  (150C)  had  no  effect  on 
plasma  K'*’  and  produced  a  decrease  in  plasma  Na'*’.  However,  their  subjects  were 
exposed  to  continuous  cold  for  periods  ranging  from  1  to  6  days  and  plasma 
electrolytes  were  measured  only  at  24  hour  intervals;  the  decrease  in  plasma  Na"*" 
did  not  become  apparent  until  about  the  third  day  (16).  An  increase  in  plasma  K+ 
concentration  has  been  reported  to  occur  in  man  under  conditions  of  profound 
hypothermia  (induced  for  surgical  purposes)  but  not  until  core  temperatures 
declined  to  about  25^C  (10).  The  increase  in  plasma  K+  observed  during  cold 
exposure  in  the  present  study  was  not  due  to  increased  renal  reabsorption  since 
both  urinary  excretion  (Table  2)  and  calculated  renal  clearance  (Table  3)  of  K"*" 
increased  during  cold  exposure.  It  seems  likely  that  the  increase  in  plasma  K'*' 
results  from  a  reduction  in  the  cellular  Na+/K+  ATPase  activity  of  cooled 


tissues.  Reduced  Na'*‘/K+  ATPase  activity  would  allow  K*  leaking  from  cells  to 
accumulate  in  the  plasma.  It  is  possible  that  the  increase  in  plasma  K*  with 
acute  cold  exposure  is  a  transient  response.  An  increase  in  plasma  K+  would 
stimulate  aldosterone  release  which  in  turn  would  increase  Na'''/K'''  ATPase 
activity  thereby  eventually  reestablishing  normal  electrolyte  balance. 

In  summary,  acute  cold  exposure  (either  air  or  water)  results  in  a  reduction 
in  plasma  volume  concommitant  with  increased  urine  output.  The 
hemoconcentration  is  isosmotic  and  not  accompanied  with  loss  of  circulating 
plasma  protein.  Cold  acclimation  does  not  influence  the  cold  induced  plasma 
volume  changes  or  diuresis.  Despite  the  fact  that  chsmges  in  body  temperature, 
plasma  volume  and  urine  output  are  greater  in  cold  water  than  in  cold  air,  no 
direct  relationship  between  these  parameters  could  be  established. 
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